The knockout of the protein UNC-23, a cochaperone of Hsc70, leads to severe motility dysfunction in the model organism C. elegans. Results: UNC-23 interacts with Hsc70, whose uncoupling from DNJ-13 cures the muscular phenotype. Conclusion: The dystrophic muscle phenotype is caused by Hsc70 cycle deregulation. Significance: Hsc70 and its cofactors might be potent targets for therapies against human myopathies.
The chaperone Hsc70 is involved in a variety of cellular processes like de novo protein folding, prevention of aggregation, and protein translocation through membranes (1) (2) (3) . Hsc70 is composed of an N-terminal ATP/ADP-binding domain, a substrate-binding domain, and a C-terminal lid domain, which covers the substrate binding groove (4, 5) . It acts via a regulated ATP-dependent cycle that is influenced by different cofactors, like Hsp40s/J domain-containing proteins and nucleotide exchange factors (NEFs). 2 J domain-containing proteins bind to the ATP-bound state of Hsc70 and stimulate the hydrolysis activity of Hsc70. NEFs, like BAG domain-containing proteins, compete with J domain proteins and trigger nucleotide release (3, 6, 7) . If both cofactors are present, the ATP turnover is activated strongly. Cells encode highly diverse J domain-containing proteins and NEFs for Hsc70, with different domain compositions and cellular functions (2, 3, 8 -10) .
In mammalian cells, several cytosolic Hsc70 isoforms and stress-inducible Hsp70s exist, and numerous cofactors increase the complexity of the Hsc70 system. In Caenorhabditis elegans, instead only the Hsc70 ortholog HSP-1 (F26D10.3) is present, and three heat-shock regulated Hsp70 isoforms (C12C8.1, F44E4.4, and F44E4.5) can be induced (11, 12) . Nematode Hsc70 is present in most tissues under normal growth conditions, and knockdown via RNA interference (RNAi) leads to enhanced protein aggregation, induction of the heat shock response, and developmental alterations culminating in early larval arrest (11, (13) (14) (15) .
Mutations at the unc-23 locus had been identified based on motility defects (16) . The group of Donald Moerman showed that unc-23 encodes a BAG domain-containing protein, which represents a homolog of human Bag2 (17) . 3 In nematodes, unc-23 is linked to motility defects (16 -18) . 3 In genome-wide investigations of muscular proteins and their localization, UNC-23 was found to be required for establishing the myosin ultrastructure (18, 19) . Mutations in unc-23 result in motility dysfunctions in all developmental stages, including a head-bent phenotype and weakness in the attachment structures connecting hypodermis and muscle cells (16, 20) . Here, we investigate the functional interaction of the nematode protein UNC-23 with Hsc70. Using a combination of in vitro and in vivo assays, we report a connection between UNC-23 and the Hsp40 protein DNJ-13, establishing the involvement of the wider Hsc70 machinery in the maintenance of muscle cell functionality and attachment.
EXPERIMENTAL PROCEDURES
Nematode Growth and Cultivation-All nematodes were treated and maintained according to standard procedures (21, 22) . The N2 (wild type) and RB1301 (unc-23(ok1408)) strains were provided by the Caenorhabditis Genetics Center (Minne-apolis, MN). RB1301 strains were outcrossed three times before performing the described experiments and are referred to as unc-23(ok1408) throughout this work.
RNA Interference-RNA interference experiments were performed by feeding nematodes with dsRNA-expressing Escherichia coli HT115 (DE3) strains as described (15) . The RNAi constructs directed against dnj -12, dnj-13, dnj-19, unc-23, hsp-1 and the empty control vector L4440 were sequenced prior to transformation. With the exception of the unc-23 RNAi construct, which was acquired from Open Biosystems (Thermo Scientific, Darmstadt, Germany), all RNAi constructs were obtained from the genome-wide RNAi library (15) . Synchronized L1 larvae were placed on the RNAi-expressing bacteria. RNAi motility phenotypes were scored using a Zeiss Stemi stereo microscope (Zeiss Microimaging, Jena, Germany) equipped with a SCHOTT KL1500 LCD unit (Mainz, Germany).
Life Span and Motility Assay-To determine the average life span of wild-type and unc-23(ok1408) nematodes, synchronized L1 larvae were cultivated on NGM/RNAi plates. Early adult nematodes were picked and transferred to new RNAi plates. Life span assays were monitored for adult nematodes and performed as described before (23) . To test the motility of nematodes, 3-day-old young adults were placed in a droplet of M9 solution, and the number of lateral swimming movements/ min was determined.
Generation of Transgenic Nematodes-An expression reporter construct for unc-23 was generated by cloning 1000 base pairs upstream the unc-23 (H14N18.1c) coding sequence containing the start codon of unc-23 in frame to the YFP gene (Clontech) in the PD95.79 vector. The following primers were used: unc-23 promoter, AGT CCA GCG CGG CCG CCA CTT TGA AAA GTA G (forward) and CGG ACT GCT AGC GCT GAA TAT TAG GAT GG (reverse). In order to investigate protein localization, the coding sequence of H14N18.1, obtained from Open Biosystems (Thermo Scientific) was amplified and inserted into the reporter construct in frame to YFP with the following primers: UNC-23-YFP fusion, ATT GCA GCT AGC ATG TTT CAG AAC ATA CCA ATC AAA ATA C (forward) and CAG CCT GCT AGC TTC GCT TTG ATC ATC CAT C (reverse). The construct for expression of C. elegans Hsc70 (referred to as Hsc70 throughout this work) was generated based on the endogenous hsp-1 (F26D10.3) promoter, which controls a CFP-Hsc70 construct. The following primers were used: Hsc70 promoter, GCA TGC GCG GCC GCT CGT CAC CAA CCA AAA GC (forward) and GGT TTT GCT AGC CTT ACT CAT TTT TAC TGT AAA AAA TAA TTT AAA AAT CAA G (reverse). The CFP-Hsc70 construct was described previously (24) and modified by exchanging the promoter. Further primers were used to generate the dnj-12, dnj-13, and dnj-19 constructs: dnj-12, GGT TTT GCG GCC GCC CGA AGT CTG ACG GCC AAA TGT GTA ATT CC (forward) and GGT TTT TCT AGA AGA CTG TTG GCA TTG AAC GCC TTG TGG C (reverse); dnj-13, GGT TTT GCG GCC GCG TCT CCG TGG CAG GAC CAT ACT GTG CGC CG (forward) and GGT TTT GCT AGC GAA GTT CCT CAG AAT CAC TTC CCG TTG AGT T (reverse); dnj-19, GGT TTT GCG GCC GCG GCA AGC GAA GTT GCG GCT GAC GCG TTA TTG G (forward) and GGT TTT GCT AGC TTG GTG TTG GCA TCT GAC GCC TTG TCC G (reverse). All PCR products with the exception of Hsc70 were inserted via NheI and NotI restriction sites in a modified PD95.79 vector containing either enhanced YFP or enhanced CFP. Microinjection was performed using standard procedures as described (25) .
Fluorescence and Confocal Microscopy-For fluorescence microscopy, either a Leica MZ16-FA (Leica, Wetzlar, Germany) stereo microscope or a Zeiss Axiovert 200 microscope equipped with a Hamamatsu C4742-95 camera (Hamamatsu, Herrsching, Germany) was used. For high resolution microscopy of individual muscle cells, confocal microscopy was performed on a Leica SP5 laser-scanning microscope as described previously (22) . Images were cropped using ImageJ and Adobe Illustrator. No non-linear modifications of the image data were performed.
Cloning and Protein Expression-Expression plasmids for UNC-23 (H14N18.1), BAG-1 (F57B10.11), DNJ-12 (F39B2.10), and DNJ-13 (F54D5.8) were generated by PCR on the cDNA-containing plasmids obtained from Open Biosystems (Thermo Scientific). PCR products were inserted into the pET28b vector (Merck) and sequenced (GATC Biotech AG, Konstanz, Germany). Expression and purification were performed as described previously (7) . Hsc70 was produced in a BioStat C fermenter culture of 7 liters (B. Braun Biotech, Melsungen, Germany). Induction was started at an A 600 of 20 under constant monitoring of glucose levels and pH. Harvested bacteria were frozen at Ϫ80°C, and 50 g of the bacterial pellet was used for each purification. The purification of Hsc70 was carried out as described previously (7) .
Disulfo-succinimidyl Glutarate (DSSG) Cross-link-Crosslinking of proteins was used to analyze protein complex formation as described previously with a slightly different protocol (26) . For cross-linking, we used the compound DSSG-D6/H6 (Creative Molecules Inc., Victoria, Canada), which is characterized by two functional amine-reactive groups. Further, it carries either six protons or six deuteriums to enable mass spectrometric identification of cross-linked peptides for future applications. The cross-linker was used in a 50-fold molar excess as described in the manufacturer's protocol (26 -29) . A 50 mM stock of the cross-linker DSSG-H6/D6 was prepared and added to a 10 M protein solution containing either UNC-23 or Hsc70 or a combination of both proteins. The reaction was performed in 40 mM HEPES/KOH, 20 mM KCl, pH 7.5, and stopped with 1 l of 1 M Tris/HCl, pH 8.0, after 1 and 5 min. Subsequently the samples were analyzed on a 12% SDS-PAGE.
Circular Dichroism Spectroscopy-Measurements were carried out in a 0.1-cm quartz cuvette in a thermostated cuvette holder on a Jasco J-710 spectropolarimeter (Jasco, Gross-Umstadt, Germany) equipped with a PFD-350S Peltier-type attachment unit (Jasco, Gross-Umstadt, Germany). Proteins were dialyzed in 40 mM potassium phosphate, pH 7.5, in concentrations of 0.2 mg/ml and measured as described previously (7) . Spectra were measured with 10 accumulations, and the molar ellipticity (⌰ MRW ) was calculated. For comparability, the temperature transitions were normalized and evaluated to obtain the melting temperature of the purified proteins.
ATPase Measurements-The ATPase activity of Hsc70 was determined using an enzyme-coupled assay described previ-ously (7, 30) . For the activity determination without J domaincontaining proteins 3 M Hsc70 and 5 M NEF (BAG-1 or UNC-23 and the corresponding fragments) were used. The titration assays were performed with 3.2 M Hsc70 and 0.8 M DNJ-12 or DNJ-13. ATPase assays were measured at a wavelength of 340 nm and 25°C. The influence of BAG-1 and various UNC-23 fragments was analyzed by adding different concentrations of these proteins. Data analysis was performed using the OrginPro 8.6 G software package.
Refolding of Luciferase-Luciferase refolding was performed as described before (7) . Different UNC-23 constructs were added to 3.2 M Hsc70 and 0.8 M DNJ-13. Plateau values of luciferase activities were obtained to evaluate refolding yields and plotted against the UNC-23 concentrations.
Analytical Ultracentrifugation-Analytical ultracentrifugation with fluorescence detection was used to determine the interaction of BAG-1 or UNC-23 with other proteins. To this end, ⌬258-UNC-23 was labeled randomly at its lysine residues with 5-(and 6-)carboxyfluorescein succinimidyl ester (Invitrogen). BAG-1 was labeled at its cysteines as described previously (7) . Proteins were added to the labeled cofactors, as indicated in the figure legends. To directly quantify the affinity of BAG-1 or ⌬258-UNC-23 for Hsc70, the sedimentation properties of the labeled proteins were determined in the presence of different Hsc70 concentrations. The weight average sedimentation coefficient was used as a measure to indicate binding. This parameter, which is calculated from the sedimentation coefficients and concentrations of each species in the solution, can be utilized for direct K D calculations (31, 32) . The weight-averaged sedimentation coefficient was obtained from full analysis of the sedimentation velocity experiments using the C(s) module of UltraScanII. For better comparison between the two very different cofactors, the parameter was normalized. Normalized data were then fit to binding isotherms using the concentration M tot of the labeled protein, the concentration L tot of Hsc70, and the dissociation constant K D as parameters.
Oligomerization of unlabeled UNC-23 fragments was investigated in an XL-A analytical ultracentrifuge. Data acquisition with the UV detection system was performed at 280 nm. Data analysis of sedimentation velocity experiments was performed using the C(s) analysis tool of the UltraScanII software package (33) . Sedimentation coefficients (s 20,w ), diffusion coefficients (D 20,w ), and molar masses were obtained from this analysis.
Statistical Analysis-For statistical analysis of the phenotypes, the Mann-Whitney test was used, and the p values were calculated with the OriginPro 8.6 G software package. The p values are given in the figure legends.
RESULTS

UNC-23 Contains a Disordered N-terminal Domain with
PXXP Motifs-In C. elegans, two BAG domain-containing proteins can be identified. BAG-1 consists of a C-terminal BAG domain and an N-terminal ubiquitin-like domain, and BAG-1 is the homolog of the human Bag1 with an overall amino acid identity of 30%. UNC-23 is the assigned homolog of human Bag2 (17) . Employing HMMER3-based search algorithms (24, 34) with known human and nematodal BAG domains as a starting set, no further BAG domain proteins in the C. elegans pro-teome could be found (data not shown). The similarity between UNC-23 and Bag2 is strongest in the BAG domain with about 40% amino acid identity ( Fig. 1A) . Based on the sequence of the obtained cDNA, the N-terminal part of UNC-23 contains two poly(Q)-rich regions, several phenylalanine/proline (F/P) repeats, and three PXXP motifs, making UNC-23 about 200 amino acids longer than its assigned human homolog, which does not contain these domains. PXXP repeats, which are thought to interact with Src homology 3 domains (35), instead can be found in other human BAG proteins, like Bag3 and Bag4 (Fig. 1A) , but the homology of their BAG domain to UNC-23 is much lower. Thus, nematode UNC-23 possibly represents a protein that combines characteristics of human Bag2, Bag3, and Bag4 (Fig. 1A) .
The unusual N-terminal domain of UNC-23 is thought to be regulated by alternative splicing, with three different splice variants (H14N18.1a, H14N18.1b, and H14N18.1c), encoding proteins of 458, 399, and 457 amino acids, respectively (see the WormBase Web site). The cDNA we obtained from Open Biosystems encodes variant H14N18.1c, implying that this splicing form is relevant in vivo.
We were interested in the structural organization of the N-terminal domain. To this end, we performed an unstructured domain search with the algorithm IUPred, which determines the probability of individual amino acids to form stable interactions with their neighboring amino acids (36) . This algorithm revealed a very high probability of the N terminus to be disordered, whereas the C terminus containing the BAG domain is predicted to be folded ( Fig. 1B) . To address this experimentally, we expressed variants of UNC-23, omitting stretches from the N-terminal part ( Fig. 1B) . Although the fragment corresponding to human Bag2 (⌬258-UNC-23) expressed stably, the presence of PXXP regions at the N terminus strongly reduced the expression and solubility of UNC-23 fragments. The full-length UNC-23 could not be expressed in sufficient amounts, but a UNC-23 variant encoding about half of the N-terminal region (⌬129-UNC-23) was soluble. We investigated the structure content of the purified proteins with CD spectroscopy. Here both proteins showed a similar extent of ␣-helical structure (Fig. 1C ), implying that the N terminus between amino acids 128 and 259 additionally contains some secondary structures.
We further investigated the stability of the proteins by recording thermal transitions using CD spectroscopy. The transitions showed unfolding of both fragments with midpoints at 55°C for ⌬258-UNC-23 and 56°C for ⌬129-UNC-23 ( Fig. 1D and Table 1 ), indicating that the presence of the extended N-terminal domain does not influence the overall stability of the protein. We then deleted the entire region N-terminal of the BAG domain to express the isolated C-terminal BAG domain of UNC-23 (⌬371-UNC-23). This fragment showed a reduced ␣-helical content (Fig. 1C ) and also a reduced thermal stability ( Fig. 1D ), revealing that amino acids 258 -371 contribute to structure and stability of the BAG domain and hence may form an interdependent structure. Nevertheless, all fragments are stable at the experimental temperatures of 20 -25°C.
Finally, we performed analytical ultracentrifugation to obtain information about the quaternary structure of the puri-fied fragments. In sedimentation velocity experiments, we obtained molecular masses that are roughly twice as high as the calculated molecular weight of the purified fragments ( Table 1) , implying that the BAG domain with the very C-terminal amino acids is capable of forming dimers. Based on this analysis, we conclude that the extended N-terminal region does not contribute to structure and stability of the more C-terminal parts of the UNC-23 protein.
unc-23(ok1408) Nematodes Show Severe Muscular Defects-
Different mutations in the unc-23 gene had been identified decades ago, and a detailed phenotypic characterization of those strains is available (16) . Mutations in unc-23 lead to a reduced overall size of the worms and a head-bent phenotype during forward movements due to failed muscle attachment (16, 20) . A knock-out strain of unc-23, containing a large deletion in the gene (strain RB1301), is available from the OMRF Numbers mark the truncation points starting from the N terminus. PXXP motifs are depicted in blue, and the BAG domain is shown in red. C, circular dichroism spectra of the three truncation fragments ⌬371-UNC-23 (red), ⌬258-UNC-23 (black), and ⌬129-UNC-23 (blue). MRW, mean residue weight. D, thermal transitions of ⌬371-UNC-23 (red square), ⌬258-UNC-23 (black circle), and ⌬129-UNC-23 (blue triangle), as measured by circular dichroism at 222 nm. Starting values were normalized for better comparability.
TABLE 1 Characteristics of the different UNC-23 truncation fragments
Values were obtained by protein expression, CD thermal transitions, analytical ultracentrifugation, and evaluation of the ATPase assays. Data were analyzed as described under "Experimental Procedures." S.E. values are shown. Values for BAG-1 were obtained from Sun et al. (7) . UZ, analytical ultracentrifugation; ND, not determined. The Hsc70 System Is Required for Muscle Function SEPTEMBER 5, 2014 • VOLUME 289 • NUMBER 36
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Knock-out Group. unc-23(ok1408) worms are smaller than wild-type animals, thinner and more translucent ( Fig. 2A) . unc-23(ok1408) nematodes show severe motility disorders worsening during development, including the very prominent headbent phenotype known from other unc-23 alleles (16, 17) . 3 To quantify the differences in general motility, a thrashing assay was performed with young adult animals. Motility of unc-23(ok1408) nematodes at that developmental stage had decreased significantly with only 23 Ϯ 6 swimming strokes/min compared with 109 Ϯ 2 of the wild-type worm (Fig. 2B ). Furthermore, we observed irregularities in pharyngeal pumping, measureable as frequent stops during the normally regular swallowing movements (Fig. 2C) . Strikingly, the average life span of the nematodes is decreased to only 5 days compared with 12 days for wild-type nematodes (Fig. 2D ).
Hsc70 and UNC-23 Are Expressed in Muscular Tissues-To address the function of UNC-23 in vivo, we determined its tissue-specific expression. We thus generated a YFP-fused promoter construct (unc-23::YFP) and injected it into gonads of wild-type nematodes. Under normal growth conditions, the promoter is active in the pharyngeal muscle cells (Fig. 3A ) and the body wall muscle cells (Fig. 3B ). Further strong expression can be observed in the excretory canal cell and the anal depressor muscle (Fig. 3B) . We then generated a construct containing the full-length UNC-23 fused to YFP (unc-23::UNC-23-YFP). Upon injection, progeny also showed expression in the excretory canal and the body wall muscle cells (Fig. 3, C and D) . Confocal microscopy on fluorescent nematodes was performed to investigate UNC-23 localization in the body wall muscle cells in detail. As a marker in the muscle cells, we utilized the dense body structures, which are clearly visible in the differential interference contrast microscopic images (16, 22) . UNC-23 colocalized with dense bodies and is additionally found in the M-line of the muscular ultrastructure ( Fig. 3E ). Although no stable line could be obtained from the described construct, we consistently observed this pattern in all fluorescent nematode progeny (n ϭ 14). Despite lacking information on the functionality of the YFP fusion construct, the localization of UNC-23-YFP in muscular cells was clearly specific.
Further, a YFP-fused UNC-23 fragment lacking the N-terminal domain (unc-23::⌬258-UNC-23-YFP) together with the nematode Hsc70 (hsp-1::CFP-Hsc70) were injected. Like other unc-23 constructs, ⌬258-UNC-23 showed expression in the pharynx, the excretory canal, and the body wall muscles (Fig.  4A) . Strikingly, however, ⌬258-UNC-23 localized differently compared with the full-length construct, being absent from the dense body superstructure but enriched in the space between dense bodies (Fig. 4B) . Thus, the specific localization of UNC-23 to the dense bodies apparently requires the full-length protein. Hsc70 expression can be observed in muscle cells among other tissues (Fig. 4A ). Within the muscular ultrastructure, Hsc70 was present in the M-and I-band, excluding the dense body structures, resulting in a localization overlapping with ⌬258-UNC-23 (Fig. 4B ).
During these injections, it became evident that nematodes injected with the CFP-Hsc70 construct can obtain a phenotype similar to the head-bent phenotype of unc-23(ok1408) nematodes (Fig. 4C ). This phenotype is observable in about 40% of the F1 progeny (Fig. 4D ). This strongly suggests that the deregulation of Hsc70 can develop a harmful gain-of-function phe- notype. These results indicate how sensitively the muscle attachment structures react to changes in the Hsc70-system and that deregulation leads to weakened attachment structures similarly to the unc-23 knockout.
UNC-23 Binds Hsc70 via Its BAG Domain with Rather Low
Affinity-Having seen the localization differences between unc-23 constructs in muscle cells and the phenotypic similarities, we set out to characterize the interaction between Hsc70 and UNC-23 in vitro using purified proteins. We first analyzed the interaction of ⌬258-UNC-23 and Hsc70 by cross-linking ( Fig. 5A ). ⌬258-UNC-23 forms dimers upon the addition of the cross-link reagent. Heterooligomers of ⌬258-UNC-23 and Hsc70 are formed in the presence of the cross-linker, implying that, in agreement with earlier two-hybrid data (17) , the purified proteins can directly interact with each other. To further characterize this complex, analytical ultracentrifugation was performed. To this end, we labeled ⌬258-UNC-23 by coupling a fluorescent dye to lysine residues (*⌬258-UNC-23). *⌬258-UNC-23, like the unlabeled protein, sedimented with a sedimentation coefficient of 3.3 S, confirming that the dimeric nature of the protein was maintained after the labeling reaction. The addition of 3 M Hsc70 increased the s 20,w to 6.1 S, proving complex formation between UNC-23 and Hsc70. In contrast, nematode Hsp110/C30C11.4, which is a homolog of Hsc70, did not increase the s 20,w of *⌬258-UNC-23, implying that this interaction is specific to Hsc70 (Fig. 5B) .
We then tested the influence of nucleotides on the binding of UNC-23. To this end, ADP and ATP were added to these complexes. We indeed observed a competition between nucleotide binding to Hsc70 and UNC-23 interaction, resulting in disruption of the complexes and sedimentation of *⌬258-UNC-23 with 3.4 S even in the presence of Hsc70 (Fig. 5C ). This compe-tition could be confirmed in the absence of MgCl 2 , highlighting the ability of Hsc70 to bind nucleotides independently of MgCl 2 (data not shown). We then tested the influence of Hsp40 proteins on the complex formation between *⌬258-UNC-23 and Hsc70. To this end, we added DNJ-12 or DNJ-13 to *⌬258-UNC-23 and Hsc70 in analytical ultracentrifugation experiments and determined whether complexes are altered. Neither of the Hsp40 proteins could displace *⌬258-UNC-23 from Hsc70 (Fig. 5D ), which is supportive of previous studies that ATP presence is required for Hsp40 binding to Hsc70 (6) .
We finally tested the competition between different BAG domain proteins during analytical ultracentrifugation. Here the displacement of *⌬258-UNC-23 from Hsc70 by BAG-1 was very efficient. Instead, the competition with equal amounts of either ⌬129-UNC-23 or ⌬258-UNC-23 did not lead to full displacement (Fig. 5E ), implying a weaker affinity compared with BAG-1. We performed the same competition experiment with ⌬371-UNC-23. Here, we found the ability to compete with *⌬258-UNC-23 severely compromised (Fig.  5E) . Apparently, the shortest UNC-23 fragment is not able to bind with the same affinity as the longer UNC-23 fragments although it contains the BAG domain. To prove the weaker affinity of UNC-23 for Hsc70 in comparison with BAG-1, we analyzed the complex formation of the proteins upon the addition of increasing concentrations of Hsc70 ( Fig. 5F and Table 1 ). We obtained weight-averaged sedimentation coefficients for each Hsc70 concentration and used the increase in this values to determine the binding affinities. For BAG-1, we obtained a binding constant of roughly 0.02 M in the absence of nucleotides; for ⌬258-UNC-23, we obtained 0.5 M. These data confirm that UNC-23 represents a protein that binds in the absence of nucleotides to Hsc70, albeit with much lower affinity than BAG-1.
DNJ-12 and DNJ-13 Cooperate with UNC-23 during ATPase Stimulation and Protein
Folding-Having characterized the interaction between UNC-23 and Hsc70, we tested the influence of UNC-23 on the ATPase activity of Hsc70. The activation of Hsc70 by UNC-23 is very weak in particular when compared with the stimulation induced by BAG-1 (Fig. 6A) . For BAG-1, a very strong activation can be seen, especially in cooperation with Hsp40 proteins (7) . This cooperative stimulation is a general feature of BAG proteins and Hsp40 proteins as these two cofactors act on different reaction steps to enhance the ATPase of Hsc70 severalfold (37) .
We thus tested the effect of UNC-23 in the presence of DNJ-13 (Fig. 6B) . Here we observed a stimulation with the longer UNC-23 fragments, resulting in an almost 2-fold increase of the ATPase (Table 1 ). The isolated BAG domain instead did not increase the turnover of the Hsc70 ATPase together with DNJ-13 (Fig. 6B) . Likewise, the stimulation in the presence of DNJ-12 was analyzed ( Fig. 6C and Table 1 ). Both UNC-23 frag-ments, ⌬129-UNC-23 and ⌬258-UNC-23, induced similar activities, implying that the unstructured N-terminal domain is not involved in this interaction (Fig. 6, B and C) . The isolated BAG domain ⌬371-UNC-23, however, showed much lower affinity and activity, confirming that the BAG domain alone is not sufficient to exert the Hsc70-related effects of UNC-23 (Fig.  6, B and C) . In cases where the stimulation factors were high enough, we analyzed the affinities, which again highlight that the affinity of UNC-23 for Hsc70 under enzymatically relevant conditions is in the micromolar range and thus much weaker than the affinity to BAG-1 ( Table 1) .
We also evaluated whether UNC-23 can influence the refolding activity of Hsc70 in the presence of DNJ-13. Using ureadenatured luciferase, we added Hsc70, DNJ-13, and different concentrations of UNC-23 to refolding solutions and recorded the change in luciferase activity. Although no gain of luciferase activity was observed in the absence of the Hsp40 protein, the presence of DNJ-13 led to a marked increase of Hsc70 refolding activity (7) . ⌬129-UNC-23 reduced this activity, leading to lower refolding rates. This was also observed for ⌬258-UNC- 23 . In contrast to the longer fragments, the isolated BAG domain barely influenced the refolding activity even at higher concentrations (Fig. 6D) . These data show that UNC-23 is able to modulate Hsc70 reactions in vitro in combination with the Hsp40 protein DNJ-13.
Knockdown of DNJ-13 Rescues the Phenotype of unc-23(ok1408) Nematodes-The Hsc70 cofactor system comprising the Hsp40 proteins DNJ-12 and DNJ-13 cooperates with UNC-23 in vitro. Is this interaction with Hsc70 cofactors also evident in vivo? To address this question, we performed RNAi knockdown experiments with the Hsp40 proteins DNJ-12, DNJ-13, and DNJ-19. No obvious phenotype was observed upon knockdown of either dnj-12, dnj-13, or dnj-19 by feeding RNAi to wild-type nematodes (data not shown). Although RNAi against dnj-12 or dnj-19 also did not alter the life span of unc-23(ok1408) nematodes, RNAi against dnj-13 improved the health of the mutated strain. The life span of unc-23(ok1408) nematodes in the presence of RNAi against dnj-13 increased from roughly 5 days, as observed in untreated unc-23 deletion strains, to about 11 days (Fig. 7A) . The debilitating growth phe- notype was almost absent, with only a weak head-bent phenotype remaining (Fig. 7B) . The motility as observed in thrashing assays also improved significantly (Fig. 7C) . Further, the head muscle cells observable from the dense body structure in differential interference contrast images are apparent in RNAitreated nematodes, whereas they are not visible in unc-23 mutated nematodes ( Fig. 7D) (16) . Thus, large parts of the phenotypes observed in unc-23 mutated nematodes originate only in the presence of DNJ-13, and the reduction of DNJ-13 levels by RNA interference restores the wild-type appearance. Interestingly, RNAi against dnj-12 or dnj-19 did not lead to similar effects. Based on this strong rescue, it is evident that the presence of DNJ-13 is in part responsible for the debilitating effects observed in unc-23 mutated worms. Because these two proteins behave antagonistically in the Hsc70 ATPase cycle, it is tempting to speculate that reduction in one of the cofactors can compensate for loss of the other. Thus, the Hsc70 cycle is apparently shifted out of balance in the absence of UNC-23, which is restored again by diminishing the levels of the competing cofactor DNJ-13.
To test whether the selectivity for dnj-13 compared with dnj-12 and dnj-19 is a result of lacking expression, we examined whether all three Hsp40s are expressed under these conditions. We generated nematodes by injecting full-length fusions of these Hsp40s under their own promoter sequences (dnj-12:: DNJ-12-YFP, dnj-13::DNJ-13-YFP, and dnj-19::DNJ-19-YFP). All three Hsp40s were found to express in body wall muscle cells and several other cell types (Fig. 7E) , implying that the participation of DNJ-13 in these processes may occur as a selective Hsp40 cofactor, whereas DNJ-12 and DNJ-19 may be involved in other tasks in the nematode.
DISCUSSION
The Bcl-2-associated athanogene (BAG) family proteins are conserved through evolution with homologs in mammals, invertebrates (C. elegans and Drosophila melanogaster), plants (Arabidopsis thaliana), and yeast (Saccharomyces cerevisiae) (3, 9, 38, 39) . They are nucleotide exchange factors for Hsc70. They often contribute functionality to the Hsc70 machinery. As such, BAG proteins, like Bag1, bind interaction partners, including the protein kinase Raf1, ubiquitin ligases, growth factor receptors, and retinoic acid receptors. Thereby, nucleotide dissociation-dependent delivery of Hsc70-bound clients is connected with cellular processes (9, 37, 38, 40 -43) . However, it is unknown what role Hsc70 and the client processing activity play in these events. Here we investigate the interaction of the nematode BAG protein UNC-23 with the Hsc70 system. UNC-23 acts as NEF for Hsc70, although its affinity for Hsc70 is rather low. It is additionally required to maintain muscle functionality during development and aging. UNC-23 is one of the few genes known to be involved in muscle attachment, a phenotype commonly termed mua (20) . The characteristics of the UNC-23 protein and the in vivo data presented here suggest a potential mechanism for UNC-23 function in cooperation with Hsc70 and its cofactor DNJ-13 ( Fig. 8) . Besides other localizations, UNC-23 is prominent as part of the dense body structures. This, in principle, could be relevant for the stability of the muscle cells or the ultrastructure of the myofilaments, which is compromised if mutated or during unc-23 RNAi (16 -18) . We could observe a loss of this localization if the N terminus is not present. Probably, the fulllength protein is required for the correct localization to the attachment sites, whereas the C terminus regulates all Hsc70related functions.
The rescue of the unc-23 mutant allele by the reduction of DNJ-13 levels and the imitation of the phenotype by overexpression of CFP-Hsc70 clearly shows that the involvement of the wider Hsc70 system is required to fulfill the important FIGURE 7 . Knockdown of dnj-13 rescues unc-23(ok1408) phenotype. A, life span assay of wild-type nematodes (gray) and unc-23(ok1408) after treatment with RNAi against dnj-12 (blue), dnj-13 (pink), dnj-19 (cyan), and empty control (green). 20 individuals were subjected to analysis starting from synchronized L1 larvae on RNAi plates at 20°C. The assay was monitored for adult worms. B, growth comparison between young adult unc-23(ok1408) worms fed on empty vector L4440 and dnj-13 RNAi (pink star). Synchronized L1 larvae were fed on RNAi plates for 3 days at 20°C. Scale bar, 100 m. C, thrashing assay of 3-day-old wild-type and unc-23(ok1408) nematodes fed on RNAi against the empty vector L4440, dnj-12, dnj-13, or dnj-19. Means with S.E. (error bars) were plotted. For statistical analysis, the Mann-Whitney test was used. p ϭ 2.83 ϫ 10 Ϫ6 Ͻ ␣ ϭ 0.001. Statistical significance is indicated by three asterisks. The assay was performed with at least 10 animals. D, top, head of young unc-23(ok1408) nematode. Bottom, young adult unc-23(ok1408) nematode after 3 days of dnj-13 RNAi. Muscular tissue is present in the head region with dense bodies and visible striature. Boundaries of muscle cells are highlighted with dotted lines. Metacorpus of pharynx is indicated by an asterisk. Scale bar, 20 m. E, transgenic wild-type nematodes containing the endogenous promoter of different Hsp40s expressing YFP-fused DNJ-12, DNJ-13, and DNJ-19. UNC-23 functions. In vitro DNJ-13 supports exactly the opposite Hsc70 conformational states in terms of ATP binding and client processing, locking Hsc70 in an ADP client-bound state, whereas BAG proteins support client and nucleotide release. Thus, in the absence of UNC-23, DNJ-13 may indeed be harmful, blocking nucleotide and client release. The Hsc70 system without both cofactors apparently is able to sufficiently support muscle attachment, making the knockdown of DNJ-13 beneficial under these conditions ( Fig. 8) .
It is interesting to see whether homolog functions are conserved in mammalian BAG proteins. Human Bag2 is known to be involved in the cellular stress response and proteosomal degradation pathways, regulating the degradation of Tau fragments and the cystic fibrosis transmembrane conductance regulator together with Hsc70 and CHIP (42, 43) , but it is not known to be involved in muscle-related functions. Human Bag3 instead regulates the degradation of filamin in muscle cells (44) . The wider processes are regulated by the chaperone-associated autophagy network to remodel the muscle cells and maintain the filamin balance in the muscle cells (44, 45) . Bag3 in mice interacts with filamin, which, if damaged, is targeted for degradation via the Hsc70/ HspB8/CHIP system and thus may represent a potential regeneration mechanism (44) . Indeed, Bag3 and filamin C mutations are responsible for a large fraction of genetic myofibrillar myopathies in humans (46 -48) .
The homology to the mammalian system here is interesting, in particular because UNC-23 may combine sequence elements of the human Bag2, Bag3, and Bag4 proteins. It thus is possible that this involvement similarly is relevant for the muscular attachment functions of the BAG domain-containing UNC-23 in C. elegans. Dense bodies are integrin-based adhesion complexes and resemble vertebrate focal adhesion complexes (49) , which contain filamin (50) . Thus, it is tempting to speculate that UNC-23 fulfills similar tasks in C. elegans, although the direct interaction partners of UNC-23 remain to be identified. 
